To examine the role of limb posture on vascular conductance during rapid changes in vascular transmural pressure, we determined brachial (n = 10) and femoral (n = 10) artery post-occlusive reactive hyperemic blood Xow (RHBF, ultrasound/Doppler) and vascular conductance in healthy humans with each limb at three diVerent positions-horizontal, up and down. Limb posture was varied by raising or lowering the arm or leg from the horizontal position by 45°. In both limbs, peak RHBF and vascular conductance were highest in the down or horizontal position and lowest in the up position (arm up 338 § 38, supine 430 § 52, down 415 § 52 ml/min, P < 0.05; leg up 1,208 § 88, supine 1,579 § 130, down 1,767 § 149 ml/min, P < 0.05). In contrast, the maximal dynamic fall in blood Xow following peak RHBF (in ml/s/s) in both limbs was highest in the limb-down position and lowest with the limb elevated (P < 0.05). These data suggest that the magnitude and temporal pattern of limb reactive hyperemia is in part related to changes in vascular transmural pressure and independent of systemic blood pressure and sympathetic control.
Introduction
Blood vessels respond to increased and decreased transmural pressure by vasoconstriction and vasodilation, respectively (Bayliss 1902; Carlsson et al. 1987; Davis and Hill 1999; Johnson 1980 Johnson , 1986 Rowell 1986 ). This pressuresensitive mechanism may diVer among diVerent vascular beds (Schubert and Mulvany 1999) , is calcium-dependent (Davis and Hill 1999) , modulated by neural, metabolic and endothelial factors (Davis and Hill 1999; Lott et al. 2002; Schubert and Mulvany 1999) , and serves to adjust vascular resistance in response to changes in perfusion pressure.
In contrast to numerous animal studies (Izzard et al. 1996; Matrougui et al. 1998; Mohrman and Sparks 1974; Nurkiewicz and Boegehold 1998) , and despite their physiologic importance, few reports have investigated the eVects of altered vascular transmural pressure on skeletal muscle blood Xow in humans. In prior studies, head-up tilt (Imadojemu et al. 2001; Jepsen and Gaehtgens 1995) and external pressure devices (Lott et al. 2002 (Lott et al. , 2004 have been employed to alter vascular transmural pressure. In these studies, changes in autonomic neural tone and potential eVects on muscle metabolism likely played a confounding role.
The present study was undertaken to examine reactive hyperemia in the arm and leg of healthy humans at three diVerent limb positions-horizontal, up and down (i.e., at, above or below the level of the heart). Under resting conditions, variable limb positions alter hydrostatic and hence vascular transmural pressure with little eVect on central hemodynamics. Post-occlusive reactive hyperemic blood Xow (RHBF) is a well-established and reproducible index of peripheral vascular function (Patterson and Whelan 1955; Rowell 1986; Taylor et al. 1992) and is thought to be due to release of vasoactive metabolites and the transient reduction (during ischemia) of vascular distension. We reasoned that upon reestablishment of blood Xow post-occlusion, the vascular distending pressure would rise to higher levels in the limb-down than limb-up position. Accordingly, we postulated that diVerences in the dynamic fall of hyperemia during the recovery from ischemia in the three conditions would in part reXect the impact of altered transmural pressure on vascular tone.
Methods
Young and healthy subjects (10 men, 10 women, age 26 § 1 years; height 170 § 2 cm; weight 67 § 2 kg) participated in two separate protocols performed on separate days (arm: n = 10; leg: n = 10). None of the subjects was a smoker and none took any cardiovascular medications. The experiments were carried out in a quiet, dimly lit laboratory at a temperature of 21-24°C. CaVeine, alcohol and exercise were avoided 24 h before testing. The experimental protocol was approved by the Institutional Review Board of the Milton S. Hershey Medical Center and written informed was consent obtained.
Heart rate (HR) was monitored by a two-lead electrocardiogram. Blood pressure was measured on the non-experimental forearm by the volume clamp method (Finapres, Ohmeda, Madison, WI, USA) and veriWed with an automated sphygmomanometer (Dinamap, Critikon; Tampa, FL, USA) at the beginning and end of the study. HR and blood pressure were measured continuously and recorded at 100 Hz using a PowerLab system (ADInstruments, Castle Hill, Australia). Mean arterial pressure (MAP) was determined electronically from the blood pressure trace.
Brachial and femoral arterial mean blood velocity (MBV) was measured by duplex ultrasound (ATL 5000, Philips Medical System, Bothell, WA, USA) (Newcomer et al. 2004) . A 12-5 MHz transducer was positioned 1-2 cm proximal to an occlusion cuV on the arm or leg; measurements were made at an insonation angle of ·60° and recorded via PowerLab system. Vessel diameter was measured in a longitudinal view at end diastole, during baseline and at the end of the 3-min RHBF protocol by determining the distance between the near and far intima-media interfaces and was averaged. Brachial and femoral artery blood Xow (ml/min) was the product of cross-sectional area of the vessel ( r 2 , cm 2 ) and MBV (cm/s). Vascular conductance (C) was blood Xow/MAP (ml/min/mmHg).
Experimental design
The experimental methodology was identical in the arm and leg, and all measurements were made with the subjects supine. Pneumatic cuVs were positioned around the wrist and the upper arm or around the ankle and thigh, respectively. Limb ischemia was produced by inXating the arm or thigh cuVs to 200 mmHg after inXating the wrist or ankle cuVs to minimize the contribution of skin blood Xow in the hand or foot to RHBF (Lenders et al. 1991) .
To assure repeatability of RHBF, a priming maneuver was performed by inXating the arm or thigh cuVs to 200 mmHg for 5 min (Patterson and Whelan 1955) . Following a 10-min recovery period, the wrist or ankle cuV was inXated for 1 min before baseline blood Xow measurements, which were averaged over 3-5 min. The thigh or arm cuVs were then inXated to 200 mmHg for 5 and 10 min, respectively. Because of greater discomfort, we chose a shorter ischemia period for the leg. Whereas the duration of ischemia aVects the time course of reactive hyperemia, peak RHBF does not diVer between 5, 10 or 20 min of ischemia (Carlsson et al. 1987) . The thigh or upper arm cuV was then rapidly deXated and MBV was measured 5 and 15 s after cuV release and every 15 s thereafter for 3 min. The highest value was considered peak RHBF and occurred consistently within 15 s after restoration of blood Xow. After measurements of vessel diameter at the end of the 3-min period, the wrist or ankle cuV was deXated to allow for a 15-min recovery period (Carlsson et al. 1987) . Once Xow returned to baseline and blood pressure and HR remained stable, limb position was altered between horizontal, up or down conditions with the sequence randomized. Raising or lowering of the arm or leg was achieved at 45° from the horizontal plane.
Data analysis and statistics
The slope (ml/s/s) of the RHBF response was derived within its linear portion between the coordinates of peak Xow and Xow at time t = 30 s, thus representing the maximum rate of dissipation of the hyperemia from its peak. The recovery half-time of RHBF (t 1/2 peak, s) was deWned as the time from the onset of hyperemia to one-half of the peak Xow value. One-way repeated measures analysis of variance was used to examine the eVects of limb position on peak conductance, the slope of reactive hyperemic Xow, MAP and HR. Where appropriate, paired comparisons were made with the paired t test. The results are presented as mean § SE. A P value of <0.05 was considered to be statistically signiWcant.
Results
Baseline HR and MAP did not diVer signiWcantly between pre-and post-RHBF and between the three positions studied for both arm and leg (Table 1) The RHBF responses from both arm (n = 10) and leg (n = 10) and at each position are displayed in Fig. 1 . Peak RHBF was lowest with the limb-up compared to the horizontal or down positions ( Table 2) . Regardless of limb position, the peak RHBF response in the leg was lower than in the arm (arm up 1,176 § 178; horizontal 1,320 § 152; down 1,397 § 167%; leg up 481 § 80; horizontal 726 § 109; down 916 § 151%; P < 0.05).
The vascular conductance (C) responses from both arm (n = 10) and leg (n = 10) and at each limb position are shown in Fig. 2 . Peak C was reduced with the limb-up compared to horizontal or limb-down positions (arm up 3.8 § 0.4, horizontal 5.3 § 0.6, down 4.9 § 0.7 ml/min/mmHg; leg up 29.4 § 2.7, horizontal 38.8 § 3.9, down 44.0 § 3.9 ml/min/ mmHg; P < 0.05). Figures 1 and 2 demonstrate that the RHBF responses for the arm and leg follow similar trends at varying limb positions.
In the arm, peak Xow was reached at 5 or 15 s at both horizontal and down positions. In the arm-up position, in all subjects peak Xow was reached only by 15 s. In the leg, peak Xow was reached between 5 and 15 s in the leg-up, horizontal and leg-down positions. Figure 1 highlights the diVerences in dynamic fall of the hyperemic response between arm and leg at varying positions. Recovery halftime was shortest with the limb-down followed by horizontal and up positions, and the slope of the RHBF response was steeper with the arm/leg-down compared to horizontal or up positions (Table 2) .
Discussion
To characterize the eVects of changes in transmural pressure on RHBF, we studied brachial and femoral RHBF responses at three diVerent limb positions-horizontal, up and down. For any given limb position, the percent increase Data are mean § SE * P < 0.05 compared to "horizontal" and "down"; 9 P < 0.05 compared to "horizontal" and "up" in RHBF above baseline was higher in the brachial than in the femoral artery. However, trends across limb positions in the arm and leg were similar. Peak RHBF was highest with the limb down or horizontal, and lowest with the limb up, suggesting a relationship of peak RHBF with hydrostatic pressure in the limb. In contrast, the recovery from peak RHBF (expressed as the negative slope of Xow over time, or as the time from peak to one-half of peak Xow) was fastest with the limb down and slowest with the limb up. These data suggest that increased vascular transmural pressure, which is highest with the limb down, enhances vascular tone, whereas limb elevation, by reducing transmural pressure, attenuates it. By design, we intended to alter vascular transmural pressure, but not the metabolic vasodilator stimulus evoked by ischemia in the limb. Since lowering of the limb reduces arterial and venous pressures equally (Levick and Michel 1978) , perfusion pressure does not change, whereas it may decrease slightly in the limb-up position once the veins collapse. In addition, the absence of changes in blood pressure and/or heart rate speaks against a signiWcant engagement by our study maneuvers of the arterial baroreXex and the sympathetic nervous system. Because ischemia duration was the same for each limb in the three positions, the metabolic stimulus was assumed to be the same. Lastly, because the sequence was randomized, the Wndings cannot be explained by a sequence eVect. Therefore, the most likely explanation for the positional diVerences in RHBF and its recovery is the eVect of altered transmural pressure on vascular tone.
Regardless of limb position, peak RHBF was greater in the arm than leg (arm-to-leg ratio, up »2.4:1, supine »1.8:1, down »1.5:1). Using various methodologies, similar diVerences in peak vasodilator responses between the arm and the leg have been reported (Imadojemu et al. 2001; Lott et al. 2005; Newcomer et al. 2004; Newcomer et al. 2005) . However, because in this study the duration of ischemia and the subjects were diVerent in the arm and leg protocols, direct comparisons between the arm and leg should be made with great caution.
In humans, myogenic autoregulation or the Bayliss eVect (Bayliss 1902) has been demonstrated in various vascular beds, including the mesenteric, cerebral, renal, retinal and coronary circulations (Johnson 1959; Muller et al. 1996; Schubert and Mulvany 1999) , and skeletal muscle vascular myogenic mechanisms likely play a role in regulating blood Xow with changing posture. Moreover, altered myogenic responses may impact on numerous conditions including pregnancy (Veerareddy et al. 2002) , ischemia and re-perfusion (Cipolla et al. 1997) , diabetes mellitus (Arima and Ito 2003) , hypertension (Feihl et al. 2006) , autonomic dysfunction and orthostatic intolerance (Kooijman et al. 2007) .
Several limitations of our study should be acknowledged. Because the duration of ischemia was shorter in the leg than the arm (5 vs. 10 min), diVerences in RHBF between arm and leg could be due to diVerences in ischemia duration. However, in the forearm, peak RHBF is similar for arterial occlusions of 5, 10 and 20 min (Carlsson et al. 1987) . Conversely, increasing ischemia duration prolongs the time course of RHBF (Carlsson et al. 1987) . Therefore, we did not compare recovery half-times between arm and leg in our study. Because heart rate and blood pressure did not change, we assumed that baroreXex activity and sympathetic vasoconstrictor tone were not altered by changing limb position. However, we did not measure muscle sympathetic nerve activity. It has been shown that non-hypotensive reductions in aortic volume may trigger baroreXex-mediated hemodynamic adjustments that escape detection by conventional means (Taylor et al. 1995) . In addition, it has been reported that a transient increase in cardiac output was induced by passive limb exercise in the absence of a metabolic vasodilator stimulus and might be reXex in origin (McDaniel et al. 2010) . We cannot exclude the possibility that such a neural mechanism modiWed the hyperemia responses in our study. It is well established that in high Xow conditions during whole body exercise, competition between the leg and arm vascular beds evokes sympathetic vasoconstriction (Secher and Volianitis 2006) . We should also note that RHBF could modify vascular tone via shear stress and Xow-mediated dilation. However, since peak RHBF was greatest in the limb-down and horizontal positions, we would have expected this mechanism to attenuate rather than accentuate the dynamic fall in blood Xow during limb-down RHBF. We acknowledge that our Xow calculation likely underestimated absolute RHBF, because we did not account for the transient vessel expansion induced by the hyperemia. However, because this error was likely similar within subjects and among diVering limb positions, we doubt that it aVected the conclusions. Lastly, we cannot rule out that limb position-related diVerences in the hyperemia responses could be modiWed by the venoarteriolar reXex, an axonal reXex that results in upstream arteriolar constriction in response to venous distention and is thought to play a prominent role in the skin (Durand et al. 2004; Jepsen and Gaehtgens 1995; Okazaki et al. 2005 ) and at venous pressures >25 mmHg (Henriksen 1991) .
Conclusion
Our data demonstrate that changes in transmural vascular pressure induced by altering arm and leg position relative to the level of the heart importantly inXuence the magnitude and time course of reactive hyperemia in limbs of humans. Because these eVects were independent of detectable changes in systemic pressure and central sympathetic control, they appear to be primarily due to autoregulation. In addition to compensating for Xuctuations of perfusion pressure, the ability to autoregulate limb blood Xow in response to postural changes likely plays an important role in blood pressure homeostasis.
